A model, derived from the detailed balance model from Shockley and Queisser, has been adapted to monolithically grown GaAsP/Si tandem dual junction solar cells. In this architecture, due to the difference of lattice parameters between the silicon bottom cell -acting as the substrate -and the GaAsP top cell, threading dislocations (TDs) arise at the III-V/Si interface and propagate in the top cell. These TDs act as non-radiative recombination centers, degrading the performances of the tandem cell. Our model takes into account the impact of TDs by integrating the NTT model developed by Yamaguchi et. al.. Two surface geometries have been investigated: flat and ideally textured. Finally the model considers the luminescent coupling (LC) between the cells due to reemitted photons from the top cell cascading to the bottom cell.
INTRODUCTION
With 25.6% record efficiency [1] and 25.0% achieved utilizing industry-ready equipment [2] , low-cost crystalline silicon (c-Si) photovoltaic technology, dominant on the market, is already very close to its theoretical maximum of approximately 29% [3, 4] with a limited margin of improvement using standard technologies. Although achieving efficiencies close to 40% without concentration [5] [6] , III-V-based multijunction solar cells are extremely expensive, making them impractical for large-scale deployments without high concentration systems.
By combining the large-scale optimized supply chain of the industrial silicon platform with the high efficiency of III-Vbased multijunction technology, epitaxially grown III-V on Si multijunction solar cells present an elegant pathway to overcome the physical limitations of the c-Si technology while keeping the advantage of a relatively low-cost substrate. Good progress has been achieved recently using a GaAsP/Si dual-junction architecture where a 1.7eV GaAsP top cell is epitaxially grown by Molecular Beam Epitaxy (MBE) or Metal-Organic Chemical Vapor Deposition (MOCVD) on a Si bottom cell acting as a substrate [7] [8] [9] . The main challenge resides in the difference of lattice-parameter between Si and 1.7eV GaAsP which causes a build-up of strain in the III-V epilayers, leading to the formation of Threading Dislocations (TDs). These TDs act as recombination centers, reducing the diffusion length and lifetime of the minority carriers and strongly impeding the performances of the top cell. As a result the efficiency of the current-matched GaAsP/Si dualjunction is reduced.
TDs also strongly impact the Luminescent Coupling (LC) between the cells. LC comes from photons reemitted from radiative recombinations in the top cell cascading to the bottom cell where they are strongly absorbed and participate in the photocurrent. This phenomenon can greatly improve the performances of tandem cells with a non-optimized top cell -where a lower than optimal bandgap or a higher than optimal thickness causes the top cell photocurrent to be higher than ideal -by rebalancing the curents in the two cells [10] . In the case of a high TD Density (TDD), non-radiative recombinations take over radiative ones in the top cell and the LC is quenched.
In order to investigate the impact of the TDD and LC on the performances of GaAsP/Si tandem dual-junction solar cells, we have developed an inclusive yet simple model based on the Shockley-Queisser detailed balance model [3] . The model takes into account the composition and the resulting bandgap of the GaAs x P 1-x top cell, its thickness and two absorption models: flat and ideally textured Lambertian top surface.
METHOD
The architecture investigated here is presented in Figure 1 . The dual-junction GaAsP/Si cell is a two-terminal seriesconnected tandem structure with current-matched cells. The cells are connected through a high bandgap window buffer similar to the metamorphic GaAsP buffer on a GaP nucleation layer presented in Refs. [7] [8] [9] . Due to its high bandgap, absorption is neglected in this buffer. The top cell composition varies in the direct bandgap domain of GaAs x P 1-x , with the As content varying from x=0.55 (E g =1.98eV) to 1 (E g =1.42eV). Its thickness varies from 0.2µm to 5µm with a fixed emitter thickness of 0.1µm. Because of its relatively high direct bandgap, Auger recombinations are neglected in the top cell and TD-related Shockley-Read-Hall (SRH) recombinations are the only source of bulk non-radiative recombinations considered there. The Si bottom cell thickness is fixed at 150µm, representative of the c-Si industry standard. We consider very high quality Si with a negligible defect density. Thus we neglect SRH recombinations in the bottom cell and only take Auger recombinations into account for bulk non-radiative recombinations. Surface recombinations are ignored as we concentrate on the impact of the TDD and LC on the theoretical efficiency of the GaAsP/Si architecture. We consider a perfectly reflecting back-mirror on the Si bottom surface. Two absorption models, corresponding to two surface geometries, are taken into account. The first absorption model corresponds to the simple case of a flat surface resulting in a one pass through the top cell and a two pass through the bottom cell as shown in Equations (1-2).
where a front,top/bot (λ) is the wavelength-dependent front absorptivity of the top/bottom cells, α GaAsP/Si (λ) is the wavelengthdependent absorption coefficient of GaAsP/Si and L top/bot is the thickness of the top/bottom cell. The second model, detailed in Equations (3-4), corresponds to a Lambertian top surface scattering the incoming light. For the bottom cell, as the top cell and buffer are windows for the wavelengths in the weakly absorbing limit, perfect light trapping is obtained [11] .
where n ref =3.5 is the refractive index of Si. As the top cell does not have a back-mirror, top cell back-surface absorption for both models also needs to be considered for the blackbody thermal equilibrium, as shown in Equation (5) (flat surface) and (6) (Lambertian surface).
where a back,top is the absorptivity of the top cell from its back surface and θ esc is the escape angle.
For each cell we consider the well-known general diode equation:
where J is the current density, V the voltage, J sc the short-circuit current density, q the elementary charge, R r,rad the radiative recombination rate, k B the Boltzmann constant, T the temperature fixed at 300K, R r,m the non-radiative recombination rate associated with the non-radiative recombination process m and n m the corresponding ideality factor.
As the only sources of non-radiative recombinations considered are the SRH recombinations in the GaAsP top cell and the Auger recombinations in the bottom cell we have:
where R r,SRH is the short-circuit TD-related SRH recombination rate in the top cell with the associated ideality factor of 2 and R r,Auger is the short-circuit Auger recombination rate in the Si bottom cell with the associated ideality factor of 2/3.
The short-circuit current density J sc , equal to the photocurrent in the hypothesis of no recombinations at V=0, is given in the top and bottom cells by:
where λ is the incoming photon wavelength, h is the Planck constant, c is the speed of light and I(λ) is the wavelengthdependent AM1.5 irradiance from Ref [12] .
Considering the Bose-Einstein approximation (E>>k B T) for both cells, the radiative recombination rate is given by the classic formula [13] :
where a(λ) is the absorptivity of the cell through both its top and bottom surfaces. In the case of the Si bottom cell a bot =a front,bot as the back absorptivity is null because of the back-mirror. However, in the case of the top cell a top =a front,top +a back,top .
Considering a low or intrinsic doping density in the Si bottom cell, the short-circuit Auger recombination rate R r,Auger is given by [4] :
where C Auger is the ambipolar Auger coefficient of Si and n i,Si is the intrinsic carrier concentration of Si, both from Ref. [14] .
Using the NTT model developed by Yamaguchi et. al. [15] , the diffusion length of minority carriers L TD associated with a TDD ρ TD is given by:
The short-circuit SRH recombination rate R r,SRH , strongly dominated by recombinations in the depletion zone where the electron and hole densities are of the same order of magnitude, is therefore [15] :
where n i,GaAsP is the GaAsP intrinsic carrier concentration, W D the depletion zone width and D p the minority-carrier diffusion coefficient of holes as we consider a p + /n junction. The intrinsic carrier concentration of GaAsP is calculated using the classic relation with the bandgap and effective conduction/valence band densities of states. Similarly, the depletion width is obtained from the classic relation between the depletion width, the doping densities, the intrinsic carrier concentration and the relative permittivity. All the material-related parameters for GaAsP are extrapolated from Ref. [16] .
For high TDD values, the collection efficiency of the top cell will also be impacted as the diffusion length of minority carriers becomes smaller than the distance the carriers have to travel to be extracted. This phenomenon will not impact the collection efficiency in the depletion zone and the emitter, even for high TDD values, as these regions are pretty thin. However, in an approximation of uniform generation rate, when the minority carriers diffusion length L TD becomes smaller than the thickness of the base W base , the actual thickness of the top cell L top = W base +W D +W emitter , where W emitter is the thickness of the emitter, needs to be replaced by an effective thickness L top '= L TD +W D +W emitter in the J sc calculations in Equations (10) (11) ).
An additional process to take into account is LC between the cells. In the first approximation, considering the escape of reemitted photons from the cell as isotropic, the probability of a photon to escape through the top surface is θ esc /π and the probability of cascading to the bottom cell is 1-(θ esc /π). As the reemitted photons have an energy close to the top cell bandgap, they are strongly absorbed in the bottom cell. All these cascading reemitted photons are therefore contributing to the bottom short-circuit current density. The current density boost from LC J LC is therefore given by: Figure 2 presents the impact of the LC on the maximal theoretical efficiency of a Lambertian surface tandem GaAsP/Si dual junction solar cell. Both graphs are isoefficiency contours as a function of the bandgap and the thickness of the GaAsP top cell, with (a) and without (b) taking into account the impact of the LC. The dashed line represents the optimal bandgap-thickness combinations. The diamond-shaped dot is the particular case highlighted in Figure 3 . The impact of LC for non-optimized top cell bandgap-thickness combinations is apparent when a too high photocurrent is generated in the top cell, as it is the case on top and on the left of the dashed line with a too low bandgap/too high thickness for the top cell. The LC rebalances the currents between the top and bottom cells as shown in Figure 3 , where the boost to the bottom cell J sc amounts to nearly 7mA.cm -2 in the case of a 1.5eV, 2µm-thick top cell. In that case the efficiency of the tandem solar cell is therefore not strongly impacted by an unoptimized structure thanks to the LC. However, when the bottom cell is the one producing a too high current (right of and under the dashed line), this cascading process cannot happen, as the photons reemitted from the bottom cell are too low energy to be absorbed in the top one. However, when a substantial level of TDs is accounted for, non-radiative SRH recombinations take over radiative recombinations and the LC is quenched. This is apparent on Figure 4a , which displays the boost J LC (V mpp ) to the bottom cell current density at maximum power point when taking into account LC. The iso-current density contours are calculated from Equation (16) as a function of the bandgap and the TDD of the top cell. As expected for low TDD values the boost due to LC is very dependent on the top cell bandgap. For bandgaps lower than the optimum of about 1.7eV, the LC boost decreases steadily with the increase of the top cell bandgap. For bandgaps above the optimum, the LC boost is very small and does not strongly vary, indicative of the top cell being the limiting one in term of current density. On the contrary, for TDD values higher than 10 5 cm -2 , the current density boost due to LC decreases very fast with increasing TDD and its dependency with the top cell bandgap is reduced. As shown on Figure 4b , that displays the LC boost as a function of the TDD in the particular case of a 1.5eV top cell bandgap, the LC boost to the bottom cell current density decreases extremely fast with increasing TDD over 10 As shown on Figure 5 , the operating current density of the tandem GaAsP/Si dual junction cell is subsequently very dependent of the TDD for lower than optimal top cell bandgaps. This is particularly the case for TDD values between 10 4 cm -2 and 10 6 cm -2 , as attested by the iso-current density contours being very horizontal and close one to the other for bandgaps under 1.7eV. Threading dislocation density [cm -2] This is also apparent on Figure 6a , which shows the efficiency of the dual junction GaAsP/Si solar cell as a function of the TDD and the top cell bandgap, with the iso-efficiency contours being very close to one another and relatively horizontal for TDD values between 10 4 cm -2 and 10 6 cm -2 and top cell bandgaps under 1.7eV. Figure 6b shows the particular case of a 1.5eV bandgap top cell versus the bandgap-optimized case represented by the dashed line in Figure  6a . The efficiency of the dual junction with a 1.5eV top cell drops way faster than with a bandgap-optimized top cell for TDD values between 10 4 cm -2 and 10 6 cm -2 , as the impact of the TDD on the performances of the top cell ads up with the quenching of the LC. Above 10 6 cm -2 the difference in efficiency is reduced as the optimal bandgap of the top cell decreases. As a consequence the welcome flexibility in the design and operations of the cell thanks to LC, as demonstrated in Ref. [10] , is lost for TDD values over 10 4 -10 5 cm -2 . For TDD values over 10 6 cm -2 , non-ideal conditions -such as high temperatures or an incident spectrum different from AM1.5 -will therefore have a strong negative impact on the performances of the cell. The luminescent efficiency, already known as an essential figure of merit for standard 1-junction III-V cells [17] , is even more critical for GaAsP/Si dual junction solar cells.
RESULTS AND DISCUSSION

CONCLUSION
An inclusive yet simple model has been developed to investigate the impact of the threading dislocation density (TDD) and the luminescent coupling (LC) on the performances of GaAsP/Si tandem dual junction solar cells. The model takes into account Shockley-Read-Hall (SRH) recombinations due to threading dislocations (TDs) in the GaAsP top cell, Auger recombination in the Si bottom cell, two absorption models depending on the texturing of the top surface (flat versus Lambertian) and LC between the cells due to reemitted photons from the top cell cascading to the bottom cell where they contribute to the photocurrent.
We show that, for tandem cells with a lower than optimal top cell bandgap and in the absence of TDs, LC between the top and bottom cells provides a substantial boost to the bottom cell current density, considerably reducing the impact of the non-optimized top cell bandgap-thickness combinations. This LC current density boost in the bottom cell amounts to nearly 7mA.cm -2 for a 2µm-thick 1.5eV GaAsP top cell.
However, when TDs are taken into account, non-radiative SRH recombinations in the top cell take over radiative recombinations and the LC process is quenched. As a result, the boost to the bottom cell current density is reduced for TDDs above 10 4 cm -2 , becoming negligible over 10 6 cm -2 . This strongly impacts the tandem GaAsP/Si operating current density and its efficiency for non-optimized top cells with a too low bandgap. Consequently the flexibility in the design and operations of tandem solar cells due to LC is lost for TDD values over 10 4 -10 5 cm -2 . Luminescent efficiency in the GaAsP top cell is therefore critical for non-optimized GaAsP/Si cells and medium to high TDD cells (TDD>10   4   cm -2 ) need to be tightly current-matched for high performances.
